An operando investigation of graphene growth on (100) grains of polycrystalline nickel (Ni) surfaces was performed by means of variable-temperature scanning tunneling microscopy complemented by density functional theory simulations. A clear description of the atomistic mechanisms ruling the graphene expansion process at the stepped regions of the substrate is provided, showing that different routes can be followed, depending on the height of the steps to be crossed. When a growing graphene flake reaches a monoatomic step, it extends jointly with the underlying Ni layer; for higher Ni edges, a different process, involving step retraction and graphene landing, becomes active. At step bunches, the latter mechanism leads to a peculiar 'staircase formation' behavior, where terraces of equal width form under the overgrowing graphene, driven by a balance in the energy cost between C-Ni bond formation and stress accumulation in the carbon layer. Our results represent a step towards bridging the material gap in searching new strategies and methods for the optimization of chemical vapor deposition graphene production on polycrystalline metal surfaces.
Introduction
Pushed by the expected requirement of large-scale production of high-quality, low-cost films in future electronics and optoelectronics, graphene growth on polycrystalline metals via chemical vapor deposition (CVD) has experienced a fast-paced research progress in the past ten years. [1] [2] [3] [4] [5] The use of polycrystalline substrates introduces severe complications with respect to single crystals, where the surface has atomically flat morphology and homogeneous crystallinity, since polycrystalline metallic surfaces contain highly stepped regions, step bunches, grain boundaries and even amorphous areas, leading to the well-known 'material gap'. The growth mechanisms on polycrystalline metal surfaces have been investigated at different length scales, from meso-to nano-scale. [6] [7] [8] [9] For example, with the aid of mesoscale in-situ monitoring techniques, such as low energy electron microscopy (LEEM) and scanning electron microscopy (SEM), it has been shown that the growth velocity of graphene on polycrystalline transition metals correlates with the relative overlayer-substrate orientation as well as with the grain orientation. [6] LEEM monitoring also reveals that graphene growth can be affected by surface imperfections such as step bunches. [7] Besides, at certain growth conditions, the continuity of graphene can be preserved even across grain boundaries or highly corrugated regions, as observed by post-growth analysis. [8, 10] Despite all these research efforts, no clear atomic scale details on how the growth process develops across these regions have been yet provided.
High-temperature scanning tunneling microscopy (STM) is a suitable approach to the operando investigation of surface process, [11] [12] [13] [14] which has been adopted to monitor graphene growth on single crystalline transition metal surfaces at various length scales and with different spatial resolution. [12] [13] [14] Recently, the feasibility of STM measurements has been proved also for graphene on polycrystalline nickel (Ni-poly), after suitable sample pretreatment. [15] Operando STM investigations of graphene growth on polycrystalline substrates appears therefore to be a viable route to clarify the atomistic details of the process.
In this work, we have performed operando STM experiments for CVD graphene growth on Ni-poly substrates, one of the most widely used transition metal catalysts for graphene production, focusing in particular on stepped regions. Real-time information of the growth process, providing also atomic-scale details, has been obtained at various stepped regions, including even high step bunches. The experimental results were interpreted with the aid of extensive density functional theory (DFT) simulations, clarifying the role of the interaction between the growing graphene layer and the substrate in the process. [16] A clear description of the graphene growth mechanism on stepped regions is obtained, rationalizing the observed continuity of the layer as due to a very peculiar 'staircase formation' by opening step bunches.
Methods

Experimental methods
The Ni-poly foils were pretreated according to the procedure previously described. [15] UHV-XPS was adopted to verify that the samples were contaminant-free. Graphene was grown in a UHV chamber (base pressure: 1×10 -10 mbar) by ethylene exposure (p = 5×10 -8 -5×10 -6 mbar) or via segregation from residual carbon at 400-500 o C. Imaging was performed with an Omicron variable temperature STM (VT-STM) during growth. An add-on FAST module was used to achieve high frame acquisition speed (10 Hz) in a quasi-constant height mode. [17] Conventional STM scanning was performed in constant current mode.
Raw FAST time series were initially processed through a custom-made Python package and an ImageJ plugin. Each single STM frame was processed by Gwyddion. [18] 
Theoretical methods
DFT calculations were performed with the Quantum ESPRESSO code, [19] using plane-wave basis set and the Generalized Gradient Approximation for the exchange-correlation functional in the Perdew-Burke-Ernzerhof parametrization (GGA-PBE). [20] After convergence test, the kinetic energy cutoff for the plane-wave basis set was set at 30 Ry. The equilibrium lattice parameters characterizing the clean Ni(100) surface and the free-standing graphene are a Ni = a bulk = 2.49 Å and a GR = 2.46 Å respectively, equal to the experimental values. In order to describe the graphene/Ni(100) interaction, the van der Waals correction term was included using the semiempirical DFT-D approach. [21] As largely adopted for DFT surface studies, slab models have been used for Ni surfaces, with 3 Ni layers and graphene overlayer on one side only, and a vacuum spacing of about 15 Å between graphene and the consecutive surface of the repeated parallel slab. We focused on monoatomic stepped surfaces, which are particular vicinal surfaces (i.e., surfaces cut at an angle slightly different to that of the (100) surface).
Explicitly, the (11N) vicinal surface with even N corresponds to a stepped monoatomic surface with (100) terraces of constant width equal to N/2 a Ni . Our simulation cells are orthorhombic and always contain two terraces in order to account for the periodicity of the graphene overlayer along its armchair direction (see 
Results and discussion
Joint growth mechanism of graphene together with monoatomic step edge of nickel
The same series of simple pre-treatments already described in our previous work [15] was used to prepare Ni-poly foils suitable for STM measurements. Here, we focus on grains exposing the (100) facet, one of the ubiquitous orientations in Ni-poly substrates. [15, [26] [27] The extended moiré pattern which originates on these facets from the interface symmetry mismatch can serve as a hallmark of graphene formation and a magnification of the defects in graphene lattice even at a relatively large scan scale. [15, [28] [29] [30] It should be noted that this experimental approach could be easily extended to differently oriented facets in Ni and even other polycrystalline transition metal foils, whenever graphene grows at a temperature and a hydrocarbon pressure compatible with the specifics of the microscope.
The (100) facet of the Ni-poly substrate is found to be featured with flat terraces as wide as tens of nanometers, separated by step bunches which can span up to tens of atomic layers. [15] It should be noted that with the growth conditions adopted in this work (see Methods), graphene is always monolayer, as recently found also on Ni(100) thin films via ambient-pressure CVD preparation; [29] moreover, like the case of Ni(111) single crystals, graphene never grows rightly above nickel carbide, at variance with the behavior observed on early transition metals. [31] [32] Similarly to what already reported for the Ni(111) single crystal, [11] two graphene growth mechanisms are active on flat (100) terraces of Ni-poly, corresponding to in-plane transformation and on-terrace adlayer growth, respectively, which will be 8 reported elsewhere. In the following we will focus on the peculiar growth behavior observed at steps.
Notably, growth dynamics at step edges is expected to play an important role in the overall graphene which is larger than the apparent height of a bare monoatomic step (~1.7 Å). The graphene flake, which completely covers the upper terrace, shows the typical striped moiré previously observed on flat (100) facets. As discussed in Ref. 13 , the stripes with alternating physi-and chemisorbed regions originate from the symmetry and lattice mismatch between graphene and Ni(100) for small misorientation angle θ, defined as the smallest angle between one zigzag direction of graphene and the Ni(100) lattice vectors.
Here the growth process was captured by Fast-STM image sequences in quasi-constant height scanning mode, with a frame rate up to 10 Hz; [34] selected frames of the resulting movie (Movie S1) are shown in panel c. We notice that as the growth proceeds, the edge of the graphene/nickel growing front remains always sharp, in strong contrast to the fuzzy termination observed for growing graphene adlayers on flat terraces (to be reported elsewhere). This suggests that, when diffusing nickel adatoms are trapped at the metal edge, they are immediately covered and stabilized by the simultaneously growing graphene.
This mutual stabilization of graphene and Ni at the edge is also corroborated by the following analysis of the moiré corrugation close to the edge. While in the middle of the terrace (cyan arrow in panel a) bright stripes/dark troughs of moiré patterns display an almost constant width along their direction, larger
Downhill landing of graphene over monoatomic step edge of nickel
The situation significantly changes when the graphene edge reaches a multiple nickel step. As shown in Fig. 2 , in this case it is required, for the growth to proceed, that the step height is reduced. Therefore, the graphene flake extends in a peculiar way: the multiple step opens by the 'landing after step retraction' process shown in Fig. 2 (see also Movies S2,3 and Fig. S2 ). The topmost Ni layer under graphene in Fig.   2a loses Ni atoms that diffuse away from the edge (step retraction), forcing the flake to fall down by one floor (landing), similarly to what previously reported for the growth of graphene on monoatomic steps of ruthenium. [13] The graphene layer then grows together with the remaining Ni bilayer (panels b and c), in a process similar to the monoatomic case described above. However, in this case the joint advance of graphene with the two Ni layers is a process more difficult than the retraction of the new topmost Ni layer (panel d), which leads to graphene finally lying on a monoatomic step, and the growth can then easily follow the joint growth mechanism reported in Fig. 1 (panel e ). 1a,c).
Graphene overgrowth at step bunches of polycrystalline nickel
Increasing the complexity of the step structure, after the characterization of graphene growth at monoatomic and multiple steps, we have studied the case of high step bunches. This is particularly relevant, as step bunches widely exist on polycrystalline metal foils from the manufacturing procedures. [7, 33] Besides, the presence of highly stepped regions could influence the continuity of graphene, [16] and thus its electronic performance. The process at step bunches, visualized in Fig. 3 , is based on the one active for multilayer steps. The first frame (Fig. 3a) shows on the left a graphene flake supported by one Ni(100) atomic layer, growing towards the fuzzy step bunch on the right separating two nickel terraces, labeled 2 (upper) and 7 (lower) (see left illustration in Fig. 3c ). The line profile in Fig. S3 indicates that the step bunch corresponds to 5
Ni(100) atomic layers. When the graphene flake reaches the step bunch, the latter is overcome by opening the bunch in a sequence of monoatomic steps via the 'landing after step retraction' mechanism described above. After 170 s ( Fig. 3 (b) and S4), the step bunch has separated, forming 4 narrow (areas 2-5) and 1 wider (area 6) terraces, all covered by graphene, while the lowest Ni terrace (7) is still uncovered. The linear graphene domain boundary (cyan dashed line) between the moiré superstructures with two different orientations indicates that the film is continuous. Interestingly, at variance with the case of Cu(100),
where the growth frontiers of graphene can be severely distorted by the step bunches, [7] here the moiré stripes orientation and the step edges of the Ni(100) substrate are always aligned.
A remarkable feature of the process described above is that the consecutive narrow terraces generated by this process typically have a constant width (terraces 2-4), corresponding to about 1.4-1.5 times the width of the moiré beatings on flat terraces, as shown in Fig. 4a,b . The staircase formation mechanism appears to be the same regardless of the specific misalignment angle of graphene (see Figs. S4-6 ),
although the absolute values of the period of the moiré beatings on flat terraces and of the staircase terrace width vary for different angles.
DFT simulation of constant-width terraces at step bunches
In order to rationalize the observed behavior, a series of DFT calculations for the graphene aligned with the substrate (0 misorientation angle) has been performed. First of all we tried to clarify the origin of the previously described moiré pattern adopted by an infinite graphene layer on Ni(100). [15] To this purpose, we simulate a growing graphene flake with ribbons of different width in the growing [ ] direction and infinitely long along the moiré stripes parallel to the [011] direction ( Fig. 4c , see Fig. S7 for more details).
One zigzag edge is fixed at the position corresponding to a moiré valley, mimicking the chemisorbed region closest to the growing front, whereas the rest of the ribbon is left free to find its preferential structure. The addition of new carbon atoms to the graphene flake is simulated by increasing the ribbon width along the armchair direction. According to our calculations, the ribbons remain flat and chemisorbed to the substrate up to a critical width of about thirteen carbon rows; larger ribbons start corrugating, assuming a striped moiré motif (Figs. 4c, S7 ), which characterizes also the infinite layer ( Fig.   4d ). This behavior can be explained by the co-existence of two competing mechanisms, involving bonding and stress: on the one side, the graphene network is stretched to keep an optimal registry with the substrate, maximizing the bonding with the substrate; on the other hand, this process induces in graphene a progressive negative stress that needs to be sustained. When the latter exceeds a certain threshold, the graphene network recovers an unstrained (unstressed) configuration, and forms regular wiggles separating the chemisorbed regions, which can be corroborated by the observation in Fig. 1a . Based on our (e) DFT model of a graphene overlayer carpeting a stepped Ni(100) surface composed of monoatomic terraces of 9.5 a Ni width with minimum stress and maximum bonding to the substrate, and its simulated STM image.
The simulation of graphene growth on stepped surfaces is a much more complicated task, thus we only compare different configurations of terraces covered by graphene overlayers. We focus on sequences of terraces of equal width separated by monoatomic steps, which already require quite large simulation cells and Methods for details). In all these cases, a smooth regular carpeting of graphene is found, lying flat over the terraces, with a periodicity longer than the moiré period on the flat surface. [15] The average C-C distance, which varies by less than 3% among the different cases, quantifies the strain, whereas the average C-Ni distance, which varies by about 3%, could be tentatively considered as an estimate of the graphene-substrate bonding strength (the shorter the distance, the stronger the bonding). The excess stress due to the graphene overlayer, stretched or compressed with respect to an ideal unstressed situation, varies from -11 kbar to +18 kbar. Two of these configurations (b and c in Fig. S9 ) are characterized by an excess stress above the threshold of 10 kbar reported above as the maximum stress that can be compensated by the formation of covalent bonds with the substrate, and thus should be considered as artificial solutions due to the imposed boundary conditions. Between the remaining two, the configuration in Fig. S9d shows the smallest stress and the shortest average C-Ni distance (indicative of a stronger C-Ni bonding), and thus is expected to be the best candidate model for the observed structure. This configuration, characterized by terraces of 9.5 a Ni width, corresponding to 1.5 times the beating of the striped moiré on the flat (100) surface, is also shown in Fig. 4e together with its simulated STM image.
The reported absolute values of the periodicities of the graphene superstructures are affected by specific parameters and factors both for the experiment (e.g. sample temperature, thermal drifts and image calibration) and simulations (e.g. cell size), making a direct comparison not very meaningful. However, when comparing the experimental and theoretical ratios between the staircase terrace width and the period of the moiré beatings on flat terraces most of these effects cancel out. Indeed, the 1.5 ratio obtained by numerical simulations well matches the experimental value (1.44), supporting the conclusion that the driving force behind the observed staircase formation of high steps under the growing graphene sheet is the formation of monoatomic steps between terraces with the ideal width to optimize the energy cost balance between stress and bond formation. The observed behavior is opposite of the one suggested for Cu(111), where graphene growth is reported to induce step bunching. [35] This can be rationalized in terms of the much stronger chemical bonding established by C atoms with the Ni substrate in our case and questions the existence of a general step bunching mechanism working for different substrates. It appears therefore that significant differences exist between the growth mechanism of graphene on Cu and Ni, the latter being considered as a promising alternative candidate for industrial production of large graphene foils.
Finally, we note that recently the role of vicinal steps in the nucleation of 2D monocrystals of hexagonal boron nitride (h-BN) was discussed [NL, Nature], highlighting their effect in determining the orientation of the resulting flake. At variance with what we observe for graphene, which is found to grow across even high step edges without the need for new nucleation, thus yielding a continuous flake across the surface, for h-BN the high steps are found to constitute a high-energy barrier, making the spillover over the step prohibitive. The growth mechanism therefore appears to be very different in the two cases.
Conclusion
To summarize, we characterized the atomistic growth mechanisms of graphene on technologically-relevant highly-stepped polycrystalline Ni surface, by means of operando STM studies up to video rate. On corrugated regions, the growth process requires a substantial rearrangement of the substrate, involving peculiar step dynamics. At monoatomic Ni steps, the strong metal-carbon interface bonding gives rise to a simultaneous extension of the graphene layer and the underlying Ni terrace. At higher steps, this process competes with step retraction, allowing graphene to land on the lower Ni terrace.
Finally, at step bunches, the need to release the stress of graphene while maximizing the C-Ni bonding imposes to open a staircase with the formation of substrate terraces of specific widths, as nicely corroborated by DFT calculations. Graphene growth leads thus to a general smoothing of the underlying metal substrate, exploiting the high mobility of Ni atoms under the graphene cover.
